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In studies of respiration and fermentation it is necessary to measure the population density of cell suspensions. Laborious and relatively inaccurate methods in common u~e are a serious handicap in the time consumed, and they often limit the delicacy of experiments requiring their use.
A device here described was constructed to give a simple and sensitive method of preparing yeast suspensions of known concentration for studies using Warburg respirometers; with suitable precautions, it should be useful in determining growth curves of microorganisms. Peskett (19~7) used nephelometry for measuring the growth of yeast (using BaSO4 standards); Williams, McAlister, and Roehm (1929) constructed a special thermocouple for measuring indirectly the light absorbed by various suspensions of microorganisms. Richards and Jahn (1933) constructed two nephelometers each using a source of light and a single Weston Model 394 photoelectric cell arranged in such a way that in one thewhole suspension and in the other a small part is placed in the path of the light. On careful examination, none of the devices previously described was found accurate to less than 3 per cent (of. Richards (1932) for comparison of the accuracy of hemocytometer, hematocrit, and earlier nephelometers). The extreme sensitivity of photoelectric ceUs necessitates certain precautions which have often been neglected in the construction and use of photoelectric densitometers. We shall describe the precautions which must be taken with the instrument and with the suspension of the microorganism in order that readings accurate and reproducible to within 1 per cent may be obtained.
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II
The circuit and a schematic diagram of the apparatus are given in Fig. 1 Explanation of symbols: it = current from Photocell I. is = current from Photocell II. R1 = fixed resistance. R2 = variable resistance. Pt = Photocell I. P2 -Photocell II. The intensity of light falling on Photocell I is referred to in the text as I1, and on Photocell II as Is. The galvanometer may be protected from damage by short circuiting etc., by placing 1,000 ohms fixed resistance in CD if desired.
B. Sectional side elevation of the apparatus. (~) refers to the colloidal gold heat screen, (~) to asbestos sheeting lining the lamp housing and shield, (~) to the special triangular brass holder mentioned in the text, and (~) to Photocell II.
C. The apparatus from above.
t This scheme was used by Goos and Koch (1927) and by Partridge (1930) ; it is also employed in the Exton Scopometer of Bausch and Lomb Optical Co., in the APC Turbidity Meter of Elmer and Amend, and in others. Most of the photoelectric d~nsitometers obtainable from manufacturers are unsuitable for work with pure line strains of microorganisms because the suspensions must be transferred to special absorption cells for measurement, thus increasing the chances of infection. The angular relation of the photocell-sensitive surface to the concentrated filament must not vary, otherwise the calibrations must be repeated. The radius of curvature of Pyrex test-tubes is not constant, and hence the unequal reflection at different points would alter the amount of light reaching the photocell if the culture tube were turned about its axis. The first difficulty was overcome by using a spring holder near the top of the lamp, a rigid base for the lamp, and rigid construction of the box; the second by the use of a screw-holder mounting for the tube with a three point scalene triangle base. It was necessary to make separate dilution curves for several tubes on the same standard suspension of yeast in order to determine empirically the correction factors for differences in radius of curvature of each tube.
The lamp is left open to the air to facilitate cooling, but the culture tube, photocells, etc. are protected from reflections and dust as shown in the diagram, Fig. 1 , B and C. All inside surfaces were blackened with India ink. It was found advisable to protect the suspensions from the heat of the lamp by inserting a colloidal gold filter, as in Fig. 1, B , and by having a cool air stream from a small electric hair dryer directed into the lamp house. It is necessary to have a light-source of high intensity to yield a high current from the photocell. Unfortunatelymuch infra-red radiation accompanies any convenient light-source. The precautions taken eliminated nearly all the heat, so that the temperature of a given suspension increased only 1°C. in 10 minutes. Since it takes only 2 to 3 minutes for a deterruination of the density of a suspension, this factor is insignificant.
In Fig. 1 This means that the resistances R2 and R~ are measures of the inkl tensitles I1 and I2, varying only as ~ varies. It is known that the quantities kl and k~, characteristics of each photocell, vary with the temperature, with light intensity, and with the history of the cell. By making readings in the form of the ratio R2 for suspension R2 for suspending medium where R~ represents the bridge reading in ohms (at balance) for the variable resistances in each case, they become independent of such variations. Since R1 is kept constant at 1000 ohms, R~ may be used in place of r in this ratio, making it possible to calculate directly from the bridge resistance-settings. The reading for the suspending medium preceded and followed each set of three to four readings taken on a given suspension.
III
Dilution curves were made with yeast suspension (in 3.7 per cent dextrose solution), and with an ammoniacal India ink solution. When the ratio R2 for suspension ,.
.. was plotted against the con-R~ for suspenamg memum centration of the sample, in per cent of the most concentrated sample, the points fell on an exponential curve. Put into a semi-log plot, this gave the straight lines shown in Fig. 2 . The values for the yeast suspension shown in The log of the ratio is plotted against the concentration in per cent of the most concentrated sample, Line A refers to ammoniacal India ink suspensions; Line B to suspensions of pressed yeast in 3.7 per cent dextrose solution. The yeast cells were centrifuged and washed twice with the medium used. In making the dilutions of the yeast suspension 50 ml. of the heavy stock suspension were measured into separate flasks with a calibrated volumetric flask and the proper amount of medium added from a calibrated burette. Two burettes were employed in making the ink dilutions.
Each point represents the average of three determinations made on the same sample within about 3 minutes (see text for discussion of the accuracy of the instrument over a series of observations on the same sample). For yeast the density of each dilution was corrected for the increase in the number of cells from zero time; i.e., from the moment when the density of the stock suspension was first determined. The rate of increase in opacity due to growth was determined at constant temperature and a correction for this increase was applied to the measurements of each dilution.
In using this instrument for determining rates of growth of yeast it is important to consider the effect of changes in the optical properties of the yeast cell upon measurements of density by an optical method. Richards (1932) has already shown that beyond the initial 24 hour period of growth (at 28°C.) the optical properties of the yeast cell change markedly. Also, when it is desired to prepare suspensions of known concentration from pure strain cultures it is necessary to use cultures of the same age, grown under the same culture conditions, as those used in constructing a dilution curve for the strain in question.
A dilution curve was also determined for a 1 week old culture of
ChloreUa pyre~idosa. The curve is essentially the same as that obtained for yeast suspensions (cf. Fig. 2 ). It must be remembered, however, that unless the chlorophyl content per unit volume of cells is the same in different suspensions no comparable measurements of density will be obtained. (All the measurements were made at room temperature 22 ° 4-1.0°C.) The empirical relation found agrees approximately with Beer's law, which states that tlle effect of concentration on the amount of light absorbed by a given non-colloidal suspension is: I = I0e -ca, where I = intensity transmitted, I0 = intensity entering medium, c = concentration in grams per liter, d = thickness in cm., and e = the Napierian base. Evidence of the expected deviations from this "law;" viz., at the upper and lower concentrations of the suspension (cf. Sheppard (1914) ) can be seen in Fig. 2 .
The sensitivity of the instrument makes standardization of technique essential. A given suspension will give progressively changing readings over a short period of time in the apparatus (quite apart from the factors already mentioned), due to the gradual settling of the suspended material. The suspension may be agitated continuously, without admitting air bubbles, by a syringe whose plunger is driven up and down by a small electric motor or, if simplicity is desired, by stirring with a glass rod at a uniform rate, for a constant, short time before making readings. For example, the suspension may be stirred by hand for 15 seconds at sufficient speed to get all the cells in motion, and the reading taken exactly 1 minute after cessation of the stirring in each case. The light-source was switched on the moment stirring ceased and used only during the period of observation, to prevent undue rise in temperature.
IV
The instrument used in the manner described is relatively more accurate than other methods of measuring population density and is considerably faster in operation.
The error in setting R~, and hence in the ratio r, for any given single observation is limited by the error of the eye in detecting whether the galvanometer mirror deflects, and by the sensitivity of the instruments used. The per cent error in this setting may be calculated; for the instruments used it was found to be less than 1 per cent. This may be shown as follows: Let nl --smallest current detectable with the galvanometer used in our set-up, Then, using i~,/~, and r in the same sense as in Section II,
or per cent error of r --
The magnitude of this quantity was found by substituting the values found. On the galvanometer used 1 ram. deflection corresponded to 1/5.9 microampere. Assuming that one can detect a movement on the scale of 0.1 ram., the smallest current one could read (Ai) would be 1/59 microampere or approximately 0.02 microampere. By measurement the current flowing in the arm/~ (Fig. 1 ) was found to be S microamperes. Substituting, 2 )<0.02 per cent error in determining r = ~ X i00 = 0.8 per cent. 5
If one could detect a 1/20 ram. deflection this value becomes 0.4 per cent. Using the relation found in the text for the per cent error in reading the ratio r, we find that if one could detect a 1/20th mm. deflection on the galvanometer this error would be 0.4 per cent. Evidently with the care exercised we could detect a slightly smaller &%ction. The maximum deviation was 0.8 per cent which agrees exactly with the error in a single setting if one detected a deflection of 0.1 mm.
Attention is called to the fact that complete independence of the absolute magnitude of the resistances, R1 and R2, is established by the above derivation of the expression showing the per cent error in deter-PHOTOELECTRIC DENSITOMETER mining r. It is not necessary to work on the "most sensitive part" of the bridge, and the experimenter is thus able to use almost any available apparatus.
The error in determining r in a series of twenty readings is shown in Table I . It will be seen that both by calculation and by measurement the expected accuracy is well under 1 per cent, if the precautions outlined have been followed.
SUMMARY
A device for quickly and accurately measuring the population density of a suspension of microorganisms, permitting the preparation of yeast suspensions of known density to within 1 per cent error, was constructed with two Visitron photoelectric cells, a single light of high intensity and a good Wheatstone bridge for balancing the currents from the two photoelectric cells. A large Pyrex milk culture tube holding the suspension is placed in the path of one beam of light coming through a small longitudinal slit and thence to one photocell; a second similar slit directs another beam of light upon the second photocell, thus causing dissimilar currents to flow, the ratio of whose magnitudes may be measured by the bridge resistances. A relation between these currents and the relative light intensities is shown, and the one significant unmeasurable variable (the characteristic constant of a photocell) is practically eliminated by the use of a method of ratios.
After careful standardization of technique the apparatus proved more accurate than other methods available for the purpose indicated. In rapid use its accuracy may be put safely at 1 per cent for measuring the densities of cultures of approximately the same age and composed of cells having comparable optical characteristics.
